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abstract: A recombinant DNA polymerase derived from the thermophilic eubacterium Thermus ther- 
mophilus (Tth pol) was found to possess very efficient reverse transcriptase (RT) activity in the presence 
of MnCl 2 . Many of the problems typically associated with the high degree of secondary structure present 
in RNA are minimized by using a thermostable DNA polymerase for reverse transcription, and predominantly 
full-length products can be obtained. The cDNA can also be amplified in the polymerase chain reaction 
(PCR) with the same enzyme. The Tth pol was observed to be greater than 100-fold more efficient in a 
coupled RT/PCR than the analogous DNA polymerase from Thermus aquaticus (Taq pol). The sensitivity 
of the reactions performed by Tth pol allowed for the detection of ethidium bromide stained products starting 
with as little as 100 copies of synthetic cRNA. Similar results were also obtained with RNA from a 
Philadelphia-chromosome positive cell line. Detection of IL-la mRNA was possible starting with 80 pg 
of total cellular RNA. The ability of Tth pol to perform both reverse transcription and DNA amplification 
will undoubtedly prove useful in the detection, quantitation, and cloning of cellular and viral RNA. 
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The standard methods for the detection and analysis of RNA 
molecules include in situ hybridization, Northern, dot, or slot 
blot analysis, SI nuclease analysis, and RNase protection 
assays. These protocols are limited in their usefulness because 
of either the large quantity of RNA required or the inherent 
difficulty of some of the procedures. The technique of DNA 
amplification by the polymerase chain reaction (PCR) (Saiki 
et al., 1985, 1988; Mullis & Faloona, 1987) has been extended 
to include RNA as the starting template by first converting 
RNA to cDNA by either avian myeloblastosis virus reverse 
transcriptase (RT) or Moloney murine leukemia virus RT 
(Powell et al., 1987; Kawasaki et al., 1988; Frohman et al., 
1988). The process of RT/PCR has proved invaluable for 
detecting gene expression (Kawasaki et al, 1988; Rappolee 
et al., 1988), for amplifying RNA sequences for subcloning 
and analysis (Veres et al., 1987; Todd et ah, 1987), and for 
the diagnosis of infectious agents (Byrne et al,, 1988; Gama 
et al., 1988; Hart et al., 1988) or genetic diseases (Gibbs et 
al., 1989). However, a significant problem in using RNA as 
a template is the inability of mesophilic viral RTs to synthesize 
cDNA through stable secondary RNA structures (Buell et al., 
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1978; Kotewicz et al., 1988), Several methods have been 
described to destabilize regions of complementarity with 
methylmercury (Bailey & Davidson, 1976), dimethyl sulfoxide 
(Bassel-Duby et al M 1986), and increased reaction tempera- 
tures (Huibregste & Engelke, 1986; Shimomaye & Salvato, 
1989), Another approach suggested was simply to avoid areas 
of potential secondary structure predicted by computer analysis 
(Pallansch et al., 1990). 

Escherichia coli DNA polymerase I (£. coli pol I) has been 
shown to exhibit limited RT activity (Karkas et al., 1972; 
Karkas, 1973; Loeb et al., 1973). Early studies with £. coli 
pol I suggested that higher levels of RT activity were achieved 
by using Mn 2+ as the divalent metal ion when nuclease-treated 
poly(C>oligo(I) was used as a template (Karkas, 1973). This 
phenomenon appears to be highly template dependent, how- 
ever, since approximately equal levels of incorporation were 
observed by using either Mg 2+ or Mn 2+ and poly(A)»poly(dT) 
as template (Karkas et al., 1972). Additionally, the ability 
of E. coli pol I to copy natural RNAs was demonstrated to 
be completely dependent on the presence of Mg 2+ (Loeb et 
al., 1973). Overall, the general applicability of this enzyme 
for cDN A synthesis has been minimal due to the large quantity 
of enzyme required and the small size of the products syn- 
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thcsi/cd ((inlati ot al., \ ( )h\). 

'I he need lor a thermostable Ki top-. ■■K\ ,;iie* • tic some 
of the problems associated wsih U>\'A sMithesis hu been 
recognized iChien ct ! 1 >7M I he elevated tc.u.imm tem- 
perature rctjtiircd fnr anopiimaiK ;tetive thetmosiablc en.>\mr 
would increase the speci ftcn \ of primer extension .nu I pre- 
sumably destabilize sor.te of the secondary structure present 
in the RNA template. An early stud> using a polymerase 
activity from Thvrmus aquatints (Kalcdin et a 1 . , 1 1 >M>) re- 
ported synthesis with a polv(rA)-oligo(d'l ),„ template, but did 
not detect cDNA syn thesis with mRNA-ohpo{d I ),„ or poly- 
(rC)-oligo(dG)|\ ,„ templates. Similarly, one ol three DNA 
polymerase activities isolated from Thermus thermophilic* had 
a limited capacity to incorporate deoxyribonuclcotides at 37 
"X' into aeid-precipitablc material with pol>(rA)-(dT),„ as 
template (Rtittimann et aL 19X5) However. characterization 
of the reaction products was not performed. 'I he three iso- 
enzymes were reported to have approximate molecular masses 
of 1 10 kDa, as determined bv glvcerol gradient ccnirifugalion. 
In contra «a\ polypeptides of 77, 40. and 17 kl)a were observed 
when fractions of the glycerol gradient coincident with po- 
lymerase activity were ana Is zed b> electrophoresis on a de- 
naturing polyacrylamide gel. The polymerases were U\\\\m\ to 
lack cxonuclease activity and apparent!) were optimally active 
at low salt concentrations. The Tth pol used in the present 
study is a sinclc l M*kl)a polypeptide' that has y *V cxo- 
nuclease activity and is optimally active at high sail con- 
centrations. (iiven the dissimilarities in the physical and en- 
zymolopieal characteristics reported by Ruttimann et al. 
( 10K5) and the data presented below, it is doubtful that the 
Tth pol used in the present study is derived from the proteins 
previously reported. 

The large amplification obtained by the PCR can part tall > 
compensate for a less efficient reverse transcription reaction. 
The use of Taq pol for both cDNA synthesis and subsequent 
amplification in a PCR has been re (totted (Jones <<: Ton Ikes, 
I9H0; Shaffer et al., 1990). However, neither the reveise 
transcription reaction nor the PCR amplification was well 
characterized and large amounts ( I- -S /jg) of RNA were used 
A more comprehensive siud\ reported thai Taq pol \*as ca- 
pable of reverse transcription and amplification I mm as little 
as 40 ng of starting RNA. although Southern analysis was 
required for detection of low target levels 'T\»* X- I - i»-pe r, 
1000). We have investigated t he use of DN'A polymerases 
from both T. aquatirus and T. thermophilus for their ap- 
plicability in a coupled reverse transcription reaction and PCP 
amplification. The Tth pol was found to be considerably nv in- 
efficient than Taq pol in this study, and the sensitivity of the 
method was determined to be at least 200- fold greater than 
the limit of detection previously reported for Taq pol (Tse & 
Forget, 1990). The high degree of specificity and sensitivity, 
in addition to the convenience o r Tth pol performing both 
cDNA synthesis and PCR amplification, should find wide 
applicability in diagnoses and molecular biology. 

f'.XI'IRIM fmtaI Proo-dckps 

, Enzymes. AmpliTaq DNA polymerase (330 units /p I ) a no! 
recombinant Tth pol (1607 units/*/!.. 13.0 units/pmol) were 
provided by Pcrkin-fdmcr Cetus Instruments. I init definitions 
provided by Pcrkin-Klmer Cetus are based upon DNA po- 
lymerase activity utilizing activated salmon sperm DN \ as 
template. These enzymes were diluted in storage buffer |20 



mM Iris- IK! ( P H !'•), 100 n;M KCI, W; glucml (v/v). 
o I mm i 1)1 A. I uAi ditluothreitol, and 0.2'" Twecn 20| to 
obi. on co.venlratiois'that provider ono*'rnth reaction volume 
as enz\ me. 
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suggested by the minufaeturcr with (7-'*P|ATP and T4 po- 
Knucleoiidc kinas</ Oiigodcoxynucleotides d(T), h , DM152 
t*V-('AT(iTCAA\TTTCACTCiCTTCATCC-.V) # TM01 
( v-(i( TICCA \f j C T V r A T TT a ( » tt a t o a c T(i a t a • 
-\('A(T(".V), ;„</ DV11M { 5'.< iTCTCTCi AATCAGA A- 
\ I'CCF TCl'AT(j.V) were synthesized on a Bioscarch H700 
DNA synthesizetJ purified by polyacrylamide gel electro- 
phoresis, and stof'd in distilled M : 0. 2'-DcoxynucIcosidc 
^'-diphosphates vre obtained from Pcrkin-Klmer Cetus In- 
struments. 

Ht\/\ Preparaim. The plasmid pAWlOO contains a syn- 
thetic linear arr;n Insert of primer sequences for multiple target 
penes and a polyi/icnylated sequence. The insert in pAWlOO 
is identical to tin insert described for plasmid pAWIOH (Wang 
et a I., 19X9), Run-off transcript it in of lhtm\ U -linear i/.cd- 
pAWlOO by T7RNA polymerase and purification of pAWlOO 
cRNA weie jhi formed as previously described (Wang ct al,, 
19X9). pAWDOcRNA dilutions were made with 30pg/mL 
E. a tli rRN A included as carrier. Total cellular RNA from 
the K562 cell line (Lozzio & Lozzio, 1 075) was isolated as 
.described (Safibrook et al.. 10X0). 

Hi Assay, \ mixture ( 1 2 pi.) containing 16.7 mM Tris- 
IICI (pi I S. 31/ 150 mM KCI. 0.5 pmol of pAW109 cRNA, 
and 2.5 pmol *f olig<Klcoxynucleotidc TM0I was prcincubatcd 
for 5 min at 70 °C. Reactions were initiated by the addition 
of a mixture (S ^L) containing 2.5 mM MnCK, 500 juM each 
of dATP, dGTF\ dTTP, and [o- 1? P|dCTP (2.5 Ci/mmol), and 
the indicated amounts of 1th pol. Pinal reactions (20 tiL) were 
incubated for 1 0 min at 70 °C and terminated by chilling on 
ice and adding 30 ^1, of M) mM I-DTA. The radiolabeled 
cDNA was tliin separated from unincorporated |o-' 12 P]dCTP 
by cent rifugat ion through Sephadex Ci-50 (Pencfsky, 1977). 
Incorporation of |^- c P]dCMP was delected by Ccrenkov 
Mo!iatiou. I'lte product size was then determined by electro- 
phoretic separation of alimiots containing approximately equal 
amounts of rallioactivity on a denaturing polyacrylamide/7 
M urea gel anil analysis by autoradiography. 

NT/ PCR Coupled Reactions. RT reactions (20' pL) con- 
taining 10 m\1 Tris-UCI (pi I X 3). Of) mM KCI (40 mM for 
reactions continuing Ampli'laq DNA polymerase); 1.0 mM 
\1n< i : , 200 /iM each of dATP, dCTP. dCJTP. and dTTP. 15 
pmol of either primer l'MOl or DM 1 52 or 50 pmol of d(T), M 
5 units of either Tth pol or AmpliTaq DNA polymerase, and 
the indicated amounts of target template were overlaid with 
75 pL o( mineral oil and incubated for 15 min al 70 °C 
(samples containing. d(T),,, were incubated for 5 min at 42 °C 
followed by 10 mm at 70 C C). f ollowing the RT reaction, 
SO pi. of a solution containing lOmM Tris-IICI (pH 8.3), 100 
mM KCI (50 mM lor reactions containing AmpliTaq DNA 
polymerase), I .XX mM MgCl ? , 0.75 mM ethy!cncbis(oxy- 
eth\lenenitrilo)tetraacetic acid (I:GTA), 5V? glycerol (v/v), 
and '5 pmol of primer DM 1 51 were added (15 pmol of primer 
!/ -i 152 was also added to reactions that utilized d(T), ft for 
the RT reaction). The samples (100 pL) were then amplified 
in a Perkin-l-.lmer Cetus Instruments DNA Thermal Cycler 
by using four linked files as follows: bile 1. STKP-CYCLH 
2 mm at 95 °C for I cycle; file 2, STMP-CYCU: I min at 
05 °C and I min at 60 °C for 35 cycles; Hie 3, STF.P-CYCU: 
7 min at o0 °C for I cycle: file 4. SOAK 5 min at 4 °C. 
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iir.URr. I: Kcvcrsc transcription b> Tr/i pol. cDN'A synthesis wiih 
increasing levels of 77* pol was earned out on T MO! -primal pAWKW 
cRNA <0.5 pmot) as described under I Xpert mental Procedures 
Reverse transcription levels were tn. asmed in the incorporation of 
|a- 1; P|dCMP intocDNA (pane! A). Alliums of the R'l reacting 
were then analyzed by electrophoresis on a denaturing Hy 
acrylamidc gel (panel R). Lanes a--f correspond to 2. I. 0 V 0 2 
0.1, and 0.05 pmol. respectively, of 7>/r pol present during tlic R 
reaction, A l-kh ladder was used as a si/c m.\rker. 

Aliquols (5 jii.) of the PCR amplifications were analyzed 
electrophoresis on a 2VJ (w/v) NuSteve/l"; (v/v) ScaKyn 
agarose (PMC) gel stained with el Indium brotv.ide. 

'i-si'lts and Discussion 

Initial characterization of RT activity in Tth pol wis |c 
by determining the relative amounts of incorr*«ra 
'MP into cDNA and the length of product formed with 

ic pAW 109 cRNA as a template. This RNA 1<M 

jides in length) provides a template of HX° nucleolus 
he primer TM 01 is utilized for cDNA synthesis. Tie 
L-ombinant Tth pol eliminated concerns about ci! 
,;,r nin\-g thctrnoactive RTs or RNascs. We fount! it 
lis fariuperior for reverse transcription than cithr 
*or C.o<J\ 2 (data not shown). However, a signiftc. 
anioumtf Ibe/ONA being synthesized was much shorter il.... 

the accumulation of these smaller framents u 
crcascci yopirlionately with time, temperature, and Mnc| 
^ 0nccn U''Uoil. This phenomenon was determined to be die 
t0 div4-ni 1lc tal ion catalyzed hydrolysis of the RNA. uhicr 1 
^n?sJA^ fn; '' cr lcm P' illcs beanie available lor fun he 
C * i • \ lrics i s (data not .shown). Although the ability if 

( bVow |X CaUS ° dc £ radatiwn of RNA ! \ s bccn describe* 
i i rouni N^ihe process becomes incrca\inglv more pro 
blcmalic sit ili^. v . llcd lcmpcra , u ^ s rei|ui \. t , , : , >r ,„c .her- 
moactive cn/.ymeV 

In order to mining fhc cxlcn , u f r^ a hvdmlNsis, rela- 
tively h.gh conccniratio\oK C n/ynic. numerate MnCK con- 
centrations, and short rcacfih) times wcrcV;ed for the reverse 
transcription reaction. A nc:i r linear rcs ?( „se in dN MP in- 
corporation ^during cDN'A sy^ sis is oWfml whcn lhc moKr 
ratio of ///, pol io template is l^s than I figure I A). Tlu 
data suggests thai Tth pol utilizes an RNA\tem P late more 
efficiently than cuii po | | ( since it has been reported th'u 
L. coh pol II requires a 4. fold -nolar excess of enzvme ovler 
template for reverse transcription (Gulnti i'w af *■ I074» 
Analysis of the cDNA products by denaturing rvlvacrv'lamide 
gel electrophoresis revealed that in order to achieve predom- 
inantly full- length cDNA. the enzy me to templar* |atio needed 
tobenear I (Figure IB). The presence of a spec fie bandmg 
Pattern at the lower concentrations of Tth pol suggests thai 
the en/yme is only moderately proeessive on RN'| templates •' 



1 0 1 H 




MM Kt ."!: Reverse transcription and PCR amplification by cither 
hh pol or AmpliTaq. cDNA synthesis usinp DM 1 52-primcd 
pWVlO'i i-RNA and subsequent amplification with primer pair 
DM 1 V/DM I 51 wctv perloimed as described under Experimental 
IVfH.edu res. Tih \\)\ (I. tries a c) or AmpliTaq DNA polymerase (lanes 
d 0 were used for huh cl)\'\ synthesis and PCR amplification from 
10", I0\ or 10' copies of pAW*Ur> c R N A (lanes a and d. b and c, 
and c and I', respectively). P< R amplifications were analyzed by 
eleUrupliotesis on . T * ; <w/v) \uSte\c/r' (w/v) ScaKetn agarose 
stained with cl Indium bromide. 

Since most applications involving the use of a reverse tran- 
scriptase typically have relatively low levels of specific target 
template present, we fell that modest concentrations of Tth 
pol would provide sufficient RT activity and that the RT 
reaction could be coupled to a PCR for amplification of the 
resulting cDNA. 

The pAWHV) c*RNA contains primer binding sites con- 
structed such that "upstream" primers arc followed by com- 
plementary sequences to their "downstream" primers in the 
same order (Wang et al.. 1 ( »S ( )). Amplification of the segment 
specific for II. -In primers DM I 5 I and DM I 52 generates a 
U)S base pair (bp) PC R product. We found that the con- 
centration of 1th pol required for optimal RT activity with 
samples containing relatively high concentrations of nontargcl 
nucleic acids (up to 2>0 ng) was excessive for PCR amplifi- 
cation, and a large amount of nonspecific product was gen- 
erated (data not shown). Only specific prtnlucts were observed 
if the R l reaction uas diluted 5-fold prior to PCR amplifi- 
cation (l-ipure ?.) I he buffer, KCI. and glycerol concen- 
trations were Kept constant for both the RT reaction and the 
P(. R amplification, and no additional dNTPs were added. The 
addition o( a 3-fold molar excess of I -OTA was included to 
preferentially chelate Mn ; \ since PTi't'A has a much lower 
affinity for Mg-* than Mm 1 (lilanchard. I«)K4). MgCU was' 
added to a concent t at i< m optimal for this primer/template ( 1 .5 
toM >-. 

Since 7'wi/ pol had pro ioush been reported to synthesize 
cDN A inefficiently with Mi ,: * as the divalent metal ion (Jones 

Ionises, iwso.'shaller et al.. I'^O.'f.se l r orget. 1900), 
we compared the amount ot pifiluct formation -when either 
/'//] p d (I if 1 1 re ?.. lanes a c) or inq pol (I'igtire 2. lanes d-f) 
was used m coupled R|/P('R amplifications of pAW'109 
cRVA with Mn 1 ' as the do a lent metal ion. The only dif- 
'erence between the ///; po! and '/(/(/ pol reactions was the 
\ c'j concentration, which was 100 and 50 mM for the two 
enzymes, respective! v. in each reaction. These salt concen- 
trations were t\niui\ to e i\c ofMimal reverse transcription and 
PCR amplification under these conditions for the two enzymes 
(data not • hown) The I'th pol rave a detectable signal starting 
with I0 4 copies «»( tarfei pAW HOcRN'A (I'igure 2, lane c). 
Product v as not oliserved foi the / <uj poi at even 10'' copies, 
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c ' ^ 3: D S J;" !t,,,v,l y fln <* * iHt y of ™ Pol in RT/PCR with 
synthetic cRNA. cDNA sv*rf and amplification were performed 
«n described under ExperiiiaProccdures. Reverse transcription 
^•f Twn^f <* rforrned M«th« primer DM 1 52 (lanes h and 
e~U I MO I <lnnec),or d(7 ^ied >. Amplification was per formed 

rUo^iw' pfimcr # 2/,)M 1 S| < lan " «• h « <*■ ») <> r 
' ,,M »'/^M!.M (lance), .^c transcription reactions were rxr- 

A?Hf?£ n 10 c °n»cs Oanc*'. or 1000, 500. 100, or 0 comes of 
* PAW 109 cRNA (lanes f fcwctivcly). A control reaction for 
coninminniing DNA was peined by incubating the RT reaction 
,.y follnw «' by sinnd.-iCK amplification (Line li). PCR 
amplincation w,.K : iK<» (xrrfoH on I0« copies of pA W 10') plasmx) 
l>rv\ (lanca). Analysis or l.wxlucts was performed as dcscriM 
•lor Figure 2. . 

although lower limits of action would be expected if hy- 
bridization of labeled oMclcotidcs was used' for detection. 
The lanes shown in Fi{<u:r arc representative of reactions 
that were performed in tfjeate to control for any possible 
wcll-to-well variation in tllncrmocvclcr. No contaminating 
PAWI09 DNA could be dcicd in the pAW 109 cRNA when 
amplified by Tth pol (sec bw and Figure 3, lane b). Those 
results clearly demonstrate « the product results from RNA 
\ rather than contaminating^ and that, under similar re- 
\ action cond.tions. the Tth porovides at least 100-fold greater 
iscns.tmty than the analogo Taq pol in a coupled reverse 
t^inscription/PCR amplified,,,. Amplification of pAWIO'J 
|NA by Taq pol is compara! to or possibly better than that 
Tth pol (data not shovo suggesting that the enhanced 
^-.tivity of the coupled Rl /,]R achieved bv Tth pol results 

1m ni? Crcascd RTactivitya.i^r.1 mcrclvan increase in PCR 
dm P<'ication efficiency. 

for ^. C . xpl3na,ion for ,he d' ^ntial RT activities observed 
icid Jn°' and TaQ ^ rcmail unclear. Significant amino 
' acids' Vnrf 1 " similari, y c * is <Vtwecn Tth pol (8.14 amino 
iliDnm«r. <?q *** {m amino Ws >- ° nc possible sequence 
two ZIV dS V % Sl ' mihri, y ,d X8% Wemity between .he 

Tstn rirti fv j ,. P° sscss a -*3 cxonuclcasc activity. 
nm'hClV <> * Kunkd ' ,9KH ^-vcr ct al., 19«0) docs 
not have 3 -5 erotica* activity on the basis of amino 

Cmpk ^ P< is also presumed to lack 
vcrv^m I CXOnUClc ^' AllhoKh these two cn/vrncs arc 
ZlT<t™ "7 ^ s «l ucn ««d en/vmatic properties. 
t< ut JI^NA ' " M ? *\ h > " SnIt ^nsiiivi'iy and the abilit v 
Tv e ul, f tCmplnlCS l,PPCar t0 ™csc differences 

c^rv l m m,n ° r diffcrcnCes in «nifto acids in or around 
S, hin. rCg, ° nS ° r d0mains - r ^P^sblc for divalent metal 
ion binding or pr.mcr/tcmplatc bindh R 

in Fia^T Signai ^ UCCd b - v the m ^ coupled RT/PC R 
7 5 2 *«?«cstcd that the detection limit was much lower 

Irlli C0P ?' , F ' gUrC 3 ' ,;mcs ^demonstrates that 
from in r^ Car,y V,SibIc (b >' Cthidil 4 bromide staininc) 
TMOtT ,00co P ,cs rf PAWI09CRN4 The use of primer • 
f0r revcrsc transcription and the Lmcr pair TM0I / 
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MfiiiRii 4: Tth nol RT/PCR of ILK* mRNA from total cellular 
K NA. Kcactioni were performed as described under Experimental 
Procedures. RT reactions contained 250, 50, 10, 2, 0.4, 0.08, 
and 0 ng of K5ft2 total cellular RNA (lanes a-h, respectively), and 
primer DM 152 was used. The sample in lane a was incubated at 4 
°C (vs 70 °C) during the RT reaction. Amplification wn* performeel 
b\ usin^ primer pair DM I 52/OM I 51 . Analysis of PCR product* 
w.ts |vr formed as described for Figure 2. 

DM 1 51 for PCR amplification generates a specific product 
of 735 bp. demonstrating the abniiy to synthesize longer cDN A 
(Figure 3, lane c). A n^alivc control lane (Figure 3, lane i) 
indicates that product was not formed >vhcn pAW109 cRNA 
was omitted and only <v!i rRNA was used. To ensure that 
pA\VI09 DNA was not present in the cRNA preparations, 
a sample cor.tiunr.fc 10* copies of cRNA was incubated at 4 
°C rather than 70 W C and then thcnnocyrled (Figure 3, lane 
b vs lane c). In order to generate a PCR product, the cDNA 
synthesis reaction must be performed at cl rvatcd temperatures, 
demonstrating that the products generated from the cRNA 
were in fact from RNA and nol from contaminating DNA. 
Although we cannot rule out that some contaminating 
pAW'lOo DNA is present in the cRNA, we have been unable 
to delect product following PCR amplification of similar mock 
RT reactions with up to 10* copies of cRNA (data not shown). 
The ability of Tth pol to form detectable PCR product from 
100 copies of RNA with MnCI : vs the absence of delectable 
product when MgCU and standard PCR conditions arc used 
implies a > 10'-- fold increase in sensitivity imparled by MnCl 2 , 
The product resulting from the amplification of I0 4 copies of 
pA W109 cRNA (Figure 3, lane c) is comparable to I0 4 copies 
of pAWlOO DNA (Figure 3. lane a), although precise quan- 
titalion would require measurements during the exponential 
phase of amplification (Wang et al., 1989). 

Oligo dT is often used as a primer for reverse iranscription 
of poly( A+) RNA. Although the Tth pol is only marginally 
active at temperatures low enough for d(T) )A to anneal, suf- 
ficient RT activity is present to extend d(T), 6 at 42 °C. 
Following a brief incubation at 42 °(\ the reaction temperature 
can be raised (Figure 3, lane d). The use of ob'go(dT) for 
reverse transcription does not appear to generate as much 
product as the specific primer DM152, but the difference 
appears to be less than a factor of 10. 

The coupled RT/PCR was extremely sensitive with the 

I , ; ;**.i> purified synthetic RNA, and this template enabled the 
optimal reaction parameters for both the reverse transcription 
and PCR amplification to be determined for Tth pol. The 
ability to reverse transcribe more complex samples was I hen 
tested. The primer pair DM I 52/DM 151 was used to deteel 

II. -lu mRNA in total cellular RNA isolated from the K562 
cell line ( Figure 4). A 4 20- bp product was clearly visible when 



starting with 400 pg of total R\ (ianc f) t an< i „ UCA y 
was detectable at 80 pg (lane gWhich is approximately 10 
cell cquiv. The detection level rt. y be CVC n lower if carrier 
nucleic acid is added to the RNL am p| cs to prcveni non- 
specific binding of the RN A to tub* Another consideration 
v, that only 5% of the PCR amplifi&on was analyzed on the 
gel. The sensitivity of the proccdiA could undoubtedly be 
increased beyond the 80-pg dctectionUit (when stained with 
ethidium bromide) by increasing theWcentagc of the PCR 
analyzed and/or employing hybridiz^tiS detection techniques. 
The lack of a detectable signal after \cubation of the RT 
reaction at 4 °C (lane a) demonstrates tU in addition to the 
stimulatory effect that Mn 2 * has on rWse transcription, 
contaminating PCR product, cDNA t or gnomic DN A is not 
being amplified with the primer pair Dw52/DMI51. 

The experiments presented here dcmonV a t c (hat Tth pol 
is useful for the reverse transcription and PER amplification 
of very low levels of RNA. The Tth pol aprars to be more 
efficient at cDNA synthesis than the homolipous DNA po- 
lymerase from T. aquaticus. The coupled RTAjCR previously 
reported for Taq pol (Jones & Foulkcs, 1989£haffer ct al., 
1990; Tse A Forget, 1990) is considerably les3L n sitive than 
the methodology described here with Tth pol. lie increased 
efficiency in reverse transcription gained by usit MnCl 2 as 
the divalent metal ion may need to be wcigha against a 
possible decrease in the fidelity of cDNA syntfcsis. The 
negative effect of Mn H on the fidelity of DNA syTthcsis has 
been well documented for E. coli pol 1 (Dcckman c;M., 1985). 
However, the fidelity of viral reverse transcriptase has also 
been shown to be rather low (Roberts et al, 1989). Templates 
containing large amounts of secondary structure ic often 
difficult, if not impossible, for viral RTs to reverse tnWribc. 
The ability of Tth pol to synthesize cDNA on thc:i RNA 
templates at elevated reaction temperatures n ay condensate 
for any loss in fidelity. The need for highly accuratciDNA 
in molecular cloning suggests that sequencing of scvcril sep- 
arate RT/PCR amplifications is ad-l'-able. The addition of 
EGTA to preferentially chelate Mn 2+ would be expects to 
minimize any effects that the Mn JI may have on the fidelity 
of the enzyme during the PCR amplificaton. Additional, 
the low dNTP and Mg 24 concentrations described in thJsc 
experiments may increase the fidelity of Tth pol during PCR 
amplification since similar conditions were demonstrated v\> 
increase the fidelity of Taq pol (Eckert & Kunkel, I9<.'0). Wi 
arc currently further characterizing the RT activity of Tth pou 
and other thcrmoactivc DNA polymerases, in addition to in-\ 
vestigating the issues pertaining to the fidelity of reverses \ 
transcription and PCR amplification. 
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Articles 



Biological Thiols Elicit Prolactin Proteolysis by Glandular Kallikrcin and Permit 

Regulation by Biochemical Pathways Linked to Redox Control 1 

A 

ML Ann Hatala, Vincent A. DiPippo, and C. Andrew Powers* 
Departments Pharmacology. New York Medical College, Valhalla. New York 10595 
Rcceied February 4, 1901; Revised Manuscript Received May 22, 1901 

abstract: Rat gtandularlallikrcin (GK). a trypsin-likc serine protease, cleaves rat prolactin (PRL) in 
vitro to novel forms dctecthle in vivo and likely to be of physiological significance. PRL proteolysis by 
GK is thiol-dcpcndcnt, witflthiols acting upon PRL to refold the molecule into novel conformations that 
arc GK substrates. This sttly compared several natural and synthetic thiols for their ability to elicit PRL 
proteolysis by GK. Rat PRUwas incubated with rat GK in the presence of various thiols and 0.5% Triton 
X-100, which enhances thiol-dcitcd proteolysis. Cleavage was analyzed by gel electrophoresis under reducing 
and nonreducing conditions, h the presence of Triton X-100, all low molecular weight thiols elicited PRL 
cleavage by GK. The order d\potcncy was dithiothreitol > mcrcaptocthanol > lipoic acid > cystcamine 
« glutathione (GSM) « coenzyme A > cysteine. In the absence of Triton, however, dithiothreitol, coenzyme 
A, and mcrcaptocthanol were mA effective in eliciting GK proteolysis. Triton X-100 enhanced PRL cleavage 
by 4-19-fold, depending upon lht\thiol used. Folding isomers of processed PRL observed following cleavage 
included disulfidc-likcd homodimck oxidized monomers, reduced monomers and mixed disulfides; the folding 
isomers generated varied dcpcndiii upon the thiol used. GSH potency in eliciting PRL proteolysis increased 
10-fold in the presence of biochemical pathways shuttling reducing equivalents to GSH disulfide (GSSG). 
PRL cleavage by GK could be coArollcd by substrates, enzymes, and cofaclors making up the reducing 
shuttle when GSSG was used. ThWcdoxin (a protein disulfide oxidorcductasc) potently elicited PRL 
proteolysis by GK in the presence of Ircducing shuttle and Triton X-100. Thiorcdoxin was about 400 times 
more potent than GSSG under such lUditions. The results document that biological thiols can elicit PRL 
proteolysis by GK and permit contnA of the reaction by biochemical pathways linked to redox control. 



VJlandular kallikrcin (GK; 1 EC 3.4.21.35) is the prototypical 
member of a distinct family of serine proteases thil appears 
to function in the specific biosynthctic processing o" bioactivc 
peptides. Other members of this family include the y-subunit 
of nerve growth factor and epidermal growth facto^binding 
proteins (MacDonald ct al., 1988), GK is a major sUrogcn- 
induced enzyme in the rat anterior pituitary (Powers ft 
Nasjlctti, 1984; Clements ct al., 1986; Powers. 1986; Chao ct 
ah, 1987; Malala ft Powers/1987). Anterior pituitary GK 
has been hypothesized to process prolactin (PRL) to novel 
forms with unique hormonal roles. This hypothesis has evolved 
from evidence documenting unique tissue-specific regulation 
paralleling PRL (Powers ft Hatala. 1986; Powers, 1987, 
Hatala ft Powers, 1988). a subcellular localization ideally 
suited for a role in precursor processing (Golgi apparatus and 
secretory granules) (Hatala ft Powers, 1989), and a cellular 

* This work was supported by Grant DK-327H3 from tlic National 
Institute of Diabetes, Digestive, find Kidney Diseases. 



localization in PRL-producing cells but not other anterior 
pituitary cell types (Vio ct al., 1990; Kizuki ct al.. 1990; 
Kitagawa et al., 1990). However, pituitary GK predominantly 
exists as a latent zymogen that can be activated with trypsin 
(Powers, 1986) and docs not undergo activation during es- 
trogen or dopamine regulation (Powers. 1986; Powers ft 
Hatala, 1986; Kitagawa ct al., 1990), during secretion (Chao 
ft Chao, I9KX), or within specific organelles (Hatala ft 
Towers, l f >K0), Such latency has obscured the role of GK in 
the pituitary. 

In an effort to resolve the role of anterior pituitary GK, we 
'-cc'cntlv examined the ability of active GK (purified from rat 
urine) to cleave PRL in vitro. GK did not cleave standard rat 
PRE. but proteolysis was elicited with the thiols dithiothreitol 
and mcrca ptoethanol, and the thiol effects were enhanced by 
nonionic detergents such as Triton X-100 (Powers & Hatala, 



' Abbreviations: GK. glandular kallikrcin; GSH. glutathione; GSSG, 
glutathione disulfide; PRK. prolactin. 
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